Aim: Long-term survivors (LTS) after glioma recurrence while on bevacizumab (Bev) therapy are rarely reported in the current literature. The purpose of this case series is to confirm the existence of and describe a large cohort of recurrent glioma LTS treated with Bev (Bev-LTS). Patients & methods : We identified Bev-LTS as patients with post-Bev initiation survival times of ≥3 years among 1397 Bev treated recurrent glioma patients. Results: Among 962 grade-IV, 221 grade III, and 214 grade II Bev-treated glioma patients, we identified 28 (2.9%), 14 (6.3%) and 8 (3.7%) Bev-LTS patients, respectively. 45 Bev-LTS patients recurred on Bev, with 36 of those patients continuing therapy. Conclusion: Our study shows that a small portion of grade-IV, -III, and -II glioma patients can have long-term survival on Bev therapy even after Bev recurrence. Gliomas are the most common primary brain cancers in adults and are incurable for most patients due to their highly infiltrative nature. Despite treatment with standard-of-care therapy, almost all patients relapse. Treatment options at recurrence are limited, and patients often experience poor prognoses with neurological disability and worsened quality of life. Anti-angiogenic therapy with bevacizumab (Bev), a monoclonal antibody targeting VEGF [1, 2] , is commonly used for the treatment of recurrent glioblastoma (GBM) and recurrent high-grade gliomas since receiving expedited approval from the US FDA in 2009 and full approval for recurrent GBM in 2017.
recurrence into account since many survivors do not have recurrence. There are few reports of long-term surviving recurrent high-and low-grade glioma patients who have had prolonged survival [13] [14] [15] [16] [17] , but these studies do not specifically focus on these long-term surviving patients, especially in the context of Bev. For recurrent GBM patients treated with Bev, two case reports each described a patient achieving tumor-free status at 26 months and 3 years, respectively, with the latter patient receiving surgical re-resection and irinotecan in conjunction with Bev [18, 19] . A retrospective analysis of Bev treatment in a cohort of 16 recurrent GBM patients showed a median post-progression survival of 39.6 months [20] . However, to our knowledge, there are currently few studies in the literature on Bevtreated long-term survivors among recurrent grade II and -III glioma patients. Therefore, the goal of this case series is to present and describe the characteristics of a large cohort of long-term survivors among recurrent grade-IV, -III, and -II glioma patients who were treated with Bev.
Methods

LTS cohort selection & survival interval definitions
This study utilized an electronic database query of recurrent adult glioma patients treated with Bev who were seen at University of California, Los Angeles (UCLA) and Kaiser Permanente, Los Angeles (KPLA) from 2004 to 2017. From this database, we identified 1397 patients who were initially diagnosed with grade-IV (962), -III (221), and -II (214) gliomas and treated with Bev at recurrence. Informed consent for this University of California Los Angeles/Kaiser Permanente Los Angeles Institutional Review Board-approved retrospective database study was obtained from all patients. From these initial 1397 patients, Bev-LTS (long-term survivors after glioma recurrence while on Bev therapy) patients were identified as those who had an overall survival (OS) of ≥3 years between the date of Bev initiation and the date of death or censor ( Figure 1 ). Since there is no formal clinical definition of long-term survival after Bev initiation, we used an OS of ≥3 years as our criteria for Bev-LTS. Pre progression-free survival (pre-PFS) was defined as the time between the date of diagnosis and date of the first recurrence ( Figure 1 ). Progression-free survival was defined as the time between the date of recurrence when Bev was initiated and the date of subsequent tumor recurrence ( Figure 1 ). Tumor recurrence was determined by the treating clinician according to the response assessment in neuro-oncology (RANO) criteria. Indeterminate (pseudo) progressors were identified as patients who had their first recurrence within 3 months of radiation therapy. These patients were still included in this study as we believed that it would be important to report on any long-term surviving recurrent glioma patient. However, they were excluded when calculating the median values for OS, pre-PFS and PFS for the rest of the cohort. Median OS, pre-PFS and PFS were calculated using Kaplan-Meier analysis.
Patient characteristics
Age at diagnosis and age at Bev initiation were defined as the patient age at the date of initial surgery and at the date of the first Bev treatment, respectively. All patients within the Bev-LTS cohort had histologically confirmed tumor pathology of glioma, which ranged from WHO grade II to -IV. All diagnoses (grade) are initial diagnoses even if malignant transformation was later suspected by imaging or histologically confirmed. Patients who were diagnosed prior to 2016 were not adjusted to the 2016 WHO glioma classification system [21] . Extent of resection (EOR) at initial tumor diagnosis was defined as gross total resection, subtotal resection or biopsy. Subtotal resection was defined as a resection that removed <90% of the gross tumor mass. Karnofsky Performance Status (KPS) scores at Bev initiation were obtained. Patient progression after Bev initiation was also recorded. Molecular biomarker information in terms of IDH1 and IDH2 mutation statuses and MGMT promoter methylation status, were collected when available.
Tumor measurements
The 2D tumor sizes were measured for only the grade-IV glioma (GBM) patients at the date of tumor recurrence when Bev treatment was initiated using axial postcontrast T1-weighted MRI scans. These measurements were independently obtained by two separate investigators to ensure inter-rater reliability. To obtain the 2D tumor size, the maximum diameter length of the contrast enhancing regions in each MRI scan and the length of the perpendicular axis were multiplied together. In the context of multifocal tumors, each part of the tumor was measured as described previously before adding the separate measurements together to obtain the total tumor size. Although the conventional 2D measurement technique has been shown to not be as predictive of OS relative to the 3D measurement technique [22] , it still has been shown to associate with OS in recurrent GBM patients who were treated with Bev [23] .
Stratification of LTS cohort
We separated the GBM Bev-LTS cohort into five subgroups to ascertain long-term post- [6] [7] [8] [9] [10] . Therefore, a PFS ≥4.1 months was defined as 'long-term PFS', while a PFS <4.1 months was defined as 'short-term PFS'. Median tumor measurements, PFS and OS were only calculated for grade-IV patients within these groups. Since there were only a small number of low-grade glioma patients, these patients were added in these groups according to the same GBM-derived PFS threshold.
Description of cases
Overall general and individual patient characteristics and data are summarized in Table 1 and Supplementary  Table 1 , respectively. From the initial cohort of 1397, 50 were identified as Bev-LTS patients. Out of all diagnosed grade-IV, -III, and -II glioma patients, 28 (2.9%), 14 (6.3%), and 8 (3.7%) were identified as Bev-LTS, respectively. 27 were initially diagnosed with grade IV GBM and one with grade IV gliosarcoma (GLIO). Six were diagnosed with grade III anaplastic astrocytoma (AA), three with grade III anaplastic mixed gliomas (AMG) and five with grade III anaplastic oligodendrogliomas (AO). Two were diagnosed with grade II low-grade astrocytoma (LA), one with grade II low-grade mixed glioma (LGMO), and five with grade II low-grade oligodendrogliomas (LO). Three of the 27 GBM, 1 of the 6 AA and the 2 LA patients were identified as indeterminate (pseudo) progressors. Information on extent of tumor resection, KPS, incidence of recurrence on Bev treatment and tumor size measurement is also summarized ( Table 1 & Supplementary Table 1 ). Two GBM patients had additional tumor resections with unknown extent of resection. One patient had an additional tumor resection 25 months before Bev initiation and the other patient had two additional resections, with the last resection being 60 months before Bev initiation. One AA patient had an additional gross tumor resection 6 months before Bev initiation with no change in pathology. No patients had repeat resection prior to Bev to establish possible increase in tumor grade. Nearly all patients (n = 40) with known KPS data at Bev initiation had a KPS ≥70. Only one GBM and one LO patient had a KPS <70. Progression after Bev initiation was common place among the cohort, with 43 out of the 50 patients having tumor recurrence while on Bev. Six grade IV patients, one of them being an indeterminate progressor, and one AA indeterminate (pseudo) progressor were the only patients who did not progress on Bev. Despite continued progression, most patients continued Bev therapy, with only five GBM patients and one LO patient discontinuing Bev. For tumor size measurements, excluding the three GBM indeterminate (pseudo) progressor patients, the median 2D tumor size for the grade IV patients was 1306 mm 2 . Biomarker data on IDH1, IDH2 and MGMT-methylation status at initial diagnosis were limited and are summarized generally and individually (Table 1 & Supplementary Table 1 ). Ten GBM patients were IDH1 wild-type while another two were IDH1 mutant. There were eight known IDH2 mutation statuses known for five GBM, two Gender:
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KPS: Karnofsky Performance Status score at bevacizumab initiation; NA: Not applicable. The pre-PFS, PFS and OS for grade II astrocytomas/mixed gliomas were not calculated since there was only one patient (one low grade mixed glioma) who was not considered an indeterminate (pseudo) progressor, who were defined as patients who had initial tumor size increase within 3 months of radiation therapy. Three such grade-IV and one such grade III astrocytoma/mixed glioma patients were excluded as well. CI: Confidence interval; NA: Not applicable; NR: Upper limit of 95% confidence interval not reached; OS: Overall survival, time between the date of bevacizumab initiation to date of death or censor; PFS: Progression-free survival, time between date of bevacizumab initiation and date of the first recurrence after bevacizumab initiation; pre-PFS: Pre progression-free survival, time between date of diagnosis and date of the first recurrence.
AA and one AMG patients, all of whom were IDH2 wild-type. Among the four known MGMT-methylated GBM patients, two were IDH1 wild-type and two were IDH1 mutant. Among the three known MGMT-unmethylated GBM patients, all were IDH1 wild-type. Most patients also concurrently received additional treatments during Bev treatment, including chemotherapy agents such as irinotecan, carboplatin, lomustine, etoposide, and procarbazine, as well as further radiation and surgical treatments (Table 1 & Supplementary Table 1) . Patient survival patterns, excluding the survival data from the indeterminate (pseudo) progressors, are summarized in Table 2 . The median pre-PFS values of the grade IV group and the combined grade III AA/AMG group were 8.9 and 18 months, respectively. The AO and LO groups had the highest median pre-PFS values, 29.8 and 24.5 months, respectively. The median PFS of the LO group was 38.8 months, which was the highest of all groups. The grade IV and the AO groups had the next highest PFS medians of 28.9 and 22.2 months, respectively, while the AA/AMG group had the lowest median PFS of 8 months. The median OS values of the grade IV, AO and AA/AMG groups were all similarly around 51 months. The LO group had the highest median OS of 109.8 months. The longest surviving patient within our cohort was an AO patient who had an OS >12 years. Within the AA group, there was one patient with an OS >10 years. Within the GBM group, there were two patients with an OS >10 years and an additional eight patients with an OS >5 years. Furthermore, there was one AMG patient and an additional one AO patient with an OS >5 years. There was only one patient within the grade II LA/LGMO group who was not considered an indeterminate (pseudo) progressor. This patient had a pre-PFS, PFS and OS of 6.4, 24.5 and 43.3 months, respectively. Among the indeterminate (pseudo) progressors, there were one GBM and one LA patients with an OS >5 years.
Overall general patient characteristics and data among the five subgroups are summarized in Table 3 . There were no Bev-LTS patients that received Bev initiation at early recurrence and had a short-term PFS (group E). Therefore, this group was not represented in Table 3 . The distribution of the PFS values of these patients, which was used to separate patients into the remaining four subgroups, was summarized in Supplementary Figure 1 . Group A (n = 23) Table 3 . Summary of patient characteristics among subgroups defined by early-late recurrence/short-long progression-free survival.
Summary of patient characteristics of all early-late recurrence/short-long PFS groups (N = 50)
Group
A (n = 23) B (n = 17) C (n = 4) D (n = 6)
Age at diagnosis (years) contained patients with grade IV GBM (n = 16), grade III AA (n = 4) and AO (n = 1), and grade II LO (n = 1) and LGMO (n = 1). For the 16 grade IV patients in Group A, the median PFS and OS were 29.8 and 55.3 months, respectively. Group B contained patients with grade IV GBM (n = 7), grade IV GLIO (n = 1), grade III AO (n = 4), and grade III AMG (n = 1), while Group C contained patients with grade IV GBM (n = 1), grade III AA (n = 1), grade III AO (n = 1), and grade III AMG (n = 1). Group D contained indeterminate (pseudo) progressors with grade IV GBM (n = 3), grade III AA (n = 1), and grade II LA (n = 1). Group B's grade IV patients had median PFS and OS values of 22.9 and 55.5 months, respectively. The median tumor sizes among Group A's and B's grade IV patients were 1328 and 1110 mm 2 , respectively.
Discussion
Long-term survival in recurrent glioma patients treated with Bev is rarely reported in the current literature, especially for grade II and III glioma patients. The purpose of this study is to present these rare patients and describe their characteristics. Among the initial cohort of 1397 patients treated with Bev at recurrence, there were 962 grade IV, 221 grade III and 214 grade II glioma patients, but only 28 grade IV, 14 grade III and 8 grade II Bev-LTS patients were identified. This means that only 2.9% of grade IV, 6.3% of grade III and 3.7% of grade II patients survived 3 years or longer after initiating Bev. These findings corroborate with the fact that the majority of glioma patients who experience recurrence continue to have very poor prognoses on Bev therapy. Reported median OS values for recurrent grade-IV and -II/III patients treated with Bev are approximately 9 and 13 months, respectively [4, 11] . However, many patients in our cohort were able to survive for over 5 years and up to over 12 years. This may indicate that there are some glioma patients treated with Bev who may survive much longer than expected. We noticed that the grade II nonoligodendroglioma patients had unusually low pre-PFS values. This could be explained by the fact that both the LA patients were considered indeterminate (pseudo) progressors (patients with tumor recurrence within 3 months of radiation therapy) while the LGMO patient had a pre-PFS of 6.4 months. This LGMO patient did have aggressive features noted on the pathology report, which cautioned that there might be sampling error as the initial surgery was only a biopsy.
Nearly all our Bev-LTS experienced tumor recurrence on Bev therapy and survived 3 years or longer, despite the fact that recurrent glioma patients who experience tumor recurrence on Bev therapy typically have very poor outcomes [10, 14] . Interestingly, 36 of these patients who initially experienced tumor recurrence on Bev therapy still experienced long-term survival on continued Bev treatment. Furthermore, in our observations of the patient clinical histories, we saw that many patients had repeated subsequent recurrences on Bev-containing regimens. Bev is currently one of the most utilized therapies available for the treatment of recurrent gliomas, and the utilization of Bev in a repeated fashion despite repeated recurrences is common clinical practice [24] . Indeed, the contribution of Bev to long-term survival in our patient cohort is unclear since many patients were also on common concurrent therapies, such as irinotecan and carboplatin (Table 1) . More importantly, clinicians should be aware of the existence, albeit rare, of long-term surviving patients despite recurrence on Bev.
The tumor size median for grade IV glioma Bev-LTS patients was 1306 mm 2 . Nguyen et al. reported a median 2D tumor size of 1196 mm 2 for a cohort of recurrent GBM patients treated with Bev, and showed that patients with larger pre-Bev tumor burdens received the most benefit from Bev [23] . Thus, relative to this threshold of 1196 mm 2 , the tumor size medians for the grade IV Bev-LTS cohort would be considered large. We found that KPS at the time of Bev initiation was ≥70 for nearly all the Bev-LTS of our cohort. KPS has consistently been identified in the current literature as a potential predictor for better PFS and OS for recurrent GBM patients treated with Bev [25] [26] [27] . Therefore, a good functional status may be required to have a chance to experience long-term survival with Bev treatment.
The stratification of our cohort into group showed that our patients fell mostly in either group A or B. When comparing the survival patterns of the grade IV patients within these two groups, the median OS and PFS were similar (Table 3 ). This indicates that deferring Bev treatment until later recurrences appears not to be detrimental to the OS as reported previously [9, 28] . There were only three patients in Group C and none in Group E, which suggests that long-term surviving patients with shorter PFS values after Bev initiation (Groups C and E) may not be as frequent as those with longer PFS values (Groups A and B). Bev may also lead to more aggressive patterns of tumor growth in later recurrences after recurrence on Bev treatment [10, 29] , which raises the possibility that Bev-LTS patient tumors do not undergo these changes. It is not clear if there is an optimal time to stop Bev, especially with the possibility that a small subset can experience long-term survival.
This study was limited for various reasons. The definition of Bev-LTS is not formally defined and was based only on survival times from previous clinical studies of GBM patients [4, [6] [7] [8] [9] 11] . Additionally, the reported frequencies of Bev-LTS patients must be considered estimates due to the likelihood of inherent selection biases within our patient group. As a retrospective descriptive study, this study lacked any comparison of control groups and consistent concomitant treatments per recurrence. There were glioma patients within our cohort who survived a significant amount of time before starting Bev, which may suggest these patients could have had long-term survival irrespective of Bev treatment. This study does not provide any mechanistic explanations for what underlying genetic factors may cause Bev-LTS to have favorable responses to Bev, especially since biomarker data were limited. There are some studies that suggest certain genetic alterations, such as MGMT-methylation and ATRX alteration, and PDGFRA alteration, are valuable prognostic factors for long-term survival in GBM patients [30, 31] . Therefore, additional studies with more complete patient genetic biomarker information could be valuable in developing criteria for identifying potential Bev-LTS. Lastly, the pathological diagnosis has not been uniformly made using 2016 WHO guidelines, since many of the patients were diagnosed prior to 2016 and lack necessary biomarker data.
Conclusion
In summary, we have identified a group of recurrent grade-IV, -III, and -II glioma patients exhibiting long-term survival on Bev treatment. As a descriptive study, we cannot draw conclusions about whether Bev is responsible for LTS in those patients or how such LTS patients might be identified propsectively. As such, the pervasive clinical use of Bev for many different recurrent gliomas coupled with the fact that there are some glioma patients receiving Bev therapy who can survive significantly longer than the norm warrant further studies that can assess other potential clinical and molecular predictive factors for Bev-LTS and determine optimal timing and utilization of Bev for patients initially diagnosed with various grades and types of gliomas.
Future perspective
Bev is commonly used for treatment of recurrent glioma patients, but most patients demonstrate progressive disease after Bev initiation. Interestingly, a significant fraction of our long-term survivors showed progression on Bev with eventual stability. Therefore, it remains important to continue identifying long-term survivors who benefit from Bev treatment and correlate these outcomes with molecular, clinical and imaging biomarkers. As our experience with these patients accumulates, we hope to be able to prospectively identify long-term survivors as well as understand imaging and clinical changes that occur during treatment so that Bev therapy is not prematurely discontinued for such patients. In addition, further understanding is necessary to determine optimal duration of Bev treatment for long-term survivors and to track chronic side effects of long-term Bev treatment. We believe that further studies such as ours will contribute to more optimal utilization of Bev for recurrent glioma patients.
Executive summary
• Long-term surviving recurrent glioma patients on Bev therapy are rarely reported in the current literature.
• We characterized a group of 50 long-term surviving recurrent glioma patients (Bev-LTS): 28 grade-IV, 14 grade III, and 8 grade II glioma patients who survived 3 years or greater after initiating Bev treatment.
• 45 of these 50 recurred on initial Bev treatment and of those, 36 patients were continued on Bev despite recurrence, which may suggest that long-term survival is still possible after initial failure of Bev treatment.
• Bev remains as one of the most widely used therapies available for recurrent glioma and continuing to identify characteristics of these long-term surviving patients remains important.
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